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Challenges and recent advancements of
functionalization of two-dimensional
nanostructured molybdenum trioxide and
dichalcogenides
Zihan Weia,b and Serge Zhuiykov *a,b
Atomically thin two-dimensional (2D) semiconductors are the thinnest functional semiconducting
materials available today. Among them, both molybdenum trioxide and chalcogenides (MT&Ds) represent
key components within the family of diﬀerent 2D semiconductors for various electronic, optoelectronic
and electrochemical applications due to their unique electronic, optical, mechanical and electrochemical
properties. However, despite great progress in research dedicated to the development and fabrication of
2D MT&Ds observed within the last decade, there are signiﬁcant challenges that aﬀected their charge
transport behavior and fabrication on a large scale as well as there is high dependence of the carrier
mobility on the thickness. In this article, we review the recent progress in the carrier mobility engineering
of 2D MT&Ds and elaborate devised strategies dedicated to the optimization of MT&D properties.
Speciﬁcally, the latest physical and chemical methods towards the surface functionalization and optimiz-
ation of the major factors inﬂuencing the extrinsic transport at the electrode-2D semiconductor interface
are discussed.
1. Introduction
Over the past few years, layered transition metal oxides and
dichalcogenides have attracted extensive attention in the
research communities due to their unique layered architec-
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tures and ability to be exfoliated or fabricated into atomically
thin 2D nanostructures containing mono-1–6 or multiple-
layers.7–10 Among them, molybdenum trioxide and dichalco-
genides (MT&Ds) have unambiguously shown unusual physi-
cal, chemical and electronic properties as well as great pro-
spects for a variety of applications.11 2D MT&Ds with a
reduced nano-meter thickness exhibited markedly diﬀerent
thickness-dependent properties, e.g., their electronic character-
istics can span from metallic to insulating and structural an-
isotropy allows for mechanical exfoliation. It is noteworthy
that the planar structure and chemical stability of 2D MT&Ds
also oﬀer full compatibility to conventional semiconductor
processing. Therefore, following the success of graphene, a lot
of strategies have been recently developed for the fabrication
of layered 2D MT&Ds, which can be broadly classified into two
major categories: top-down and bottom-up methods.12–14
Mechanical cleavage, as a traditional and eﬃcient method,
can yield pristine, clean and high-quality single- and few-layer
2D MT&D nanosheets, which are suitable for fundamental
characterization and for the fabrication of individual
devices.9,15 However, the key challenges of this method are the
diﬃculties in controlling the thickness and scaling up and the
size of nanosheets.16 The ultra-sonication-assisted liquid exfo-
liation technique has been widely used to produce large scale
and few-layered nanosheets in organic solvents, which pos-
sesses similarly good prospects for making flexible electronics
and composite nanomaterials.17–19 Nevertheless, this method
is normally used for the fabrication of multi-layered forms
instead of single-layered nanosheets and commonly employs
organic solvents as stabilizing agents with high boiling points,
which in turn are hard to remove completely. This resulted in
relatively poor performance of the devices fabricated by this
technique.20,21 Another top-down method, chemical intercala-
tion has also been explored for the preparation of single-
layered 2D MT&Ds on a large scale with a variable success rate,
as this intercalation approach is not only time-consuming but
sometimes needs high temperature.8,22,23
As alternatives, diﬀerent vapour phase deposition methods
such as chemical vapour deposition (CVD), atomic layer depo-
sition (ALD), thermal evaporation, molecular beam epitaxy
(MBE), electron beam evaporation (EBE) and others have also
been engaged in the fabrication of 2D MT&Ds.24–30 However,
most of these techniques, except of ALD, have been reported to
produce MT&Ds in the morphologies of nanoparticles, nano-
rods, nanotubes, etc. rather than layered defect-free nano-
films.18–20 The ALD technique is considered as one of the
most promising deposition methods especially in microelec-
tronics, mainly due to the layer-by-layer nature of the depo-
sition. It achieves pin-hole and particle-free deposition, allows
precise film thickness control with near perfect conformity
and oﬀers the benefit of wafer scale fabrication, not achievable
by other deposition techniques.31–33 The main disadvantage of
ALD for application is its relatively low deposition rate.
On the other hand, liquid phase techniques such as
diﬀerent bottom-up approaches include many promising
methods, for example, electrodeposition, the solvothermal
method and the hydrothermal method.34–36 Although the
solvothermal method so far has paved the way towards the fab-
rication of 2D MT&Ds on a large scale, in this process organic
ligands are still used to influence the size and morphology of
2D MT&Ds. These ligands coated on the surface of 2D MT&Ds
are also hard to remove, which still represents a great chal-
lenge and hinders their further practical applications.20,37 The
hydrothermal method, conducted in a sealed autoclave at elev-
ated temperatures with high pressure, is also attractive due to
its simplicity and wide applicability.36,38–40 However, so far
this method for the synthesis of 2D MT&Ds has only been
used in the laboratory and the production quantity is still very
small.
According to the developing strategies mentioned above,
diﬀerent preparation methods can be utilized in the diﬀerent
application fields. For example, for electronic and/or photonic
applications where semiconductor monolayers are prefer-
able,31 well-annealed ion-exfoliated nanosheets can be useful.
In contrast, for applications such as composite semiconductor
nanomaterials where large quantities are required it is poss-
ible that liquid exfoliation will be a better choice.41,42
Notwithstanding so much attention and eﬀorts dedicated to
this developing research area and outstanding physical and
chemical properties reported for 2D MT&Ds, a lot of chal-
lenges still remain, such as diﬃculties in finding an eﬀective
synthetic method which is simple and can be scaled up, low
yield production of single-layer 2D MT&Ds, and their intrinsic
low electric conductivity, which presently disable these 2D
nanostructures to meet most of the commercial requirements.
Thus, in order to improve their performances and broaden the
scope of their applications, research on 2D MT&D-based
heterostructures has attracted more and more attention during
the last few years.43–45 In the preparation of 2D nano-
composites, due to their ultrathin thickness and large special
surface area, 2D MT&Ds could be used as the universal tem-
plate for the fabrication of hybrid nanostructures with a lot of
materials, including noble metals, metal oxides and chalco-
genides and organic molecules.46–48 Other materials, such as
carbonaceous nanomaterials, metal–organic frameworks
(MOFs) and polymers, could also be incorporated with 2D
MT&Ds owing to their high conductivity and unique physico-
chemical properties. Moreover, doping and intercalation of
other elements into 2D MT&Ds have been widely accepted for
regulating their intrinsic properties without changing their
structural features.49,50 Specifically, due to the same honey-
comb structure with a closely matched lattice constant, molyb-
denum dichalcogenides (MDs) can form in-plane hetero-
structures and alloys with some other transition metal dichal-
cogenides (TMDs), which are particularly useful for some
applications.51,52 Thus, Fig. 1 schematically summarizes
modern state-of-the-art approaches towards the carrier mobility
engineering in 2D MT&Ds.
The review will discuss most of these approaches and high-
light the successful examples of their practical implemen-
tation. In addition, the origin of the high thickness depen-
dence of electronic performance exhibited in 2D MT&Ds and
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theoretical insight and summary of the devised strategies to
minimize its eﬀect will be provided. Then, we will focus on the
role of 2D MT&Ds as electroactive channels based on the crys-
talline structures of the layered MT&Ds and overview the strat-
egies and new avenues for improvement of the hybrid 2D
MT&Ds and their potential applications in catalysts, various
sensors, batteries and supercapacitors.
2. Structures of 2D MT&Ds
2.1. 2D MoO3
The band structures of 2D nanomaterials are modified con-
siderably owing to the quantum confinement eﬀect compared
to their bulk and micro-structured counterparts. The reducing
thickness changes the electrostatic surroundings of the mono-
or few-layered materials and can alter the carrier screening
and electrical permittivity (dielectric constant ε) developing
diﬀerent charge transport. For example, for MoS2, carrier injec-
tion into the monolayer is more diﬃcult than into bulk due to
a broader bandgap,53 whereas the trend is opposite for the
black phosphorus which possesses a narrower bandgap in the
monolayer.54 Among 2D semiconductor oxides, MoO3 has a
high dielectric constant (high-k), which enables a solution for
obtaining high electron mobility55 and modulating of its
bandgap by various chemical and physical approaches.56 Such
manipulations can oﬀer an attractive alternative to graphene
and to other dichalcogenides as valuable 2D nanomaterials
with the reported carrier mobility value of ∼1100 cm2 V−1 s−1
for ∼11.0 nm thick MoO3.57
Specifically, orthorhombic α-MoO3, as one of the three poly-
morphs of molybdenum trioxide (the other two being monocli-
nic β-MoO3 and hexagonal h-MoO3) with an indirect wide
bandgap (>2.7 eV),11,58–60 has been the focus of many research-
ers in recent years due to the desired layered structure, which
can be resolved or exfoliated into 2D nano-crystals with the
thickness at the atomic level. It consists of double-layers of
MoO6 octahedra linked by edge and corner-sharing along the
(001) and (100) axes and by weak van der Waals forces along
the (010) direction61,62 (Fig. 2a and b). This kind of structure
can also enable tunability of the bandgap and stoichiometry
via ion intercalation, such as H+, Li+, Na+ and K+.11,63
2.2. 2D MDs
MDs are made of stacking of graphene-like layers of the
general formula MX2 in which M is the metal of Mo forming
hexagonal layers sandwiched between two sheets of X, where X
is a chalcogen (X = S, Se, Te). Commonly studied polymorphs
of MoX2 compounds are tetragonal 1T-MoX2, hexagonal
2H-MoX2 and rhombohedral 3R-MoX2, respectively, which are
diﬀerent in the stacking sequence in their unit cell. The stack-
ing sequence of 1T-MoX2 is AbC, 2H-MoX2 is vertically stacked
in the AbA BaB sequence, while 3R-MoX2 comprises the AbA
CaC BcB sequence.8,65,66 The transition between diﬀerent
phases is possible, for example, 2H-MoX2 to 1T-MoX2 by ion
intercalation and 3R-MoX2 to 2H-MoX2 upon heating.
11,66
Among these three polymorphs, 2H-MoX2 is naturally occur-
ring and relatively stable4,64 (Fig. 2(c–e)). The layer-dependent
properties of MDs have been recently intensively investigated
for their transition from an indirect bandgap in bulk to a
direct gap in the monolayer. For MoS2 the bulk indirect
bandgap of 1.3 eV increases to a direct bandgap of 1.8 eV in
the single-layer form.53 On the other hand, for MoSe2 and
Fig. 1 Modern state-of-the-art approaches to the carrier mobility
engineering in 2D MT&Ds.
Fig. 2 (a) Illustration of the orthorhombic lattice structure of layered
α-MoO3 (red spheres, oxygen atoms). The three possible positions of
oxygen atoms are denoted as O1–3, and the unit cell is shown dashed.
(b) Schematic of the unit cell of α-MoO3; the lattice constants are a =
0.396 nm, b = 1.385 nm and c = 0.369 nm. Blue spheres, molybdenum
atoms. Reproduced with permission.61 Copyright 2018, Nature
Publishing Group. (c) Structure of the monolayer 2H-MoX2 (X = S, Se,
and Te). (d) Top- and (e) side-view of the structure of the monolayer of
2H-MoX2. Red and yellow spheres denote Mo and chalcogen (S, Se, and
Te) atoms, respectively. Reproduced with permission.64 Copyright 2015,
AIP Publisher.
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MoTe2, the bulk indirect bandgap increases from 1.1 eV to 1.5
eV, and 1.0 eV to 1.2 eV, respectively.57 It was reported that the
electron eﬀective mass reduced from 0.551 to 0.483me as MoS2
is thinned from bulk to 1 L, where me is the electron mass.
67
The slight reduction of the carrier eﬀective mass is a stipulated
achievement of the high mobility value of ∼500 cm2 V−1 s−1.53
However, it is noteworthy that even for a specific sample large
discrepancies still exist among the diﬀerent research groups,
which results in tremendous variation in adopting the ε value
when calculating the field eﬀect mobility.
3. Approaches to functionalization of
2D MT&Ds
3.1. Surface modification
3.1.1. Noble metals. The approach of using noble metal
nanostructures for the functionalization of diﬀerent nano-
structures has been used in various applications such as cata-
lysis, electronics, sensors and biomedicine.68–71 Even though
the scarcity and expensiveness of noble metals limit their
wide-spread commercialization, it is still a big challenge to
find materials that can fully functionally replace noble metals
for certain applications, especially for catalysis.72–74 Recent
studies on the 2D MT&Ds decorated by noble metal nano-
particles have clearly demonstrated that these 2D nano-
structures possess much better properties than their undeco-
rated counterparts.46,75–77 In contrast to the traditional depo-
sition techniques used for the epitaxial growth of noble metal
nanoparticles on the surface of 2D MT&Ds, the in situ wet
chemical growth route oﬀers several advantages, including
relatively low cost, high throughput capability, ability to
control the distribution, size and morphology of the metal
nanostructures and opportunities to suppress the migration
and aggregation of nanoparticles.75,78
In fact, 2D MT&Ds have been considered as promising tem-
plates for direct growth of the noble metal nanostructures due
to their large specific surface area, strong adsorption ability,
and excellent thermal stability. For example, the solution-pro-
cessable molybdenum trioxide (MoO3) nanosheets were used
as templates for direct liquid-phase growth of platinum nano-
particles (Pt NPs) under ambient conditions. Results show that
the Pt NPs with a size of 1–3 nm were uniformly grown and
distributed on the MoO3 surface.
79 As another example, a
simple one-pot wet-chemical approach is developed for the
synthesis of well-defined monodisperse Pd nanotetrahedra on
ultrathin MoO3−x nanosheets.
80 The solution processable
MoS2 nanosheets were employed to direct the epitaxial growth
of Pd, Pt and Ag nanostructures under ambient conditions via
wet chemical syntheses (Fig. 3(a–c)). Specifically, Pd NPs
(5 nm), Pt NPs (1–3 nm) and silver triangular nanoplates
were epitaxially grown on MoS2 nanosheets using poly(vinyl-
pyrrolidone) (PVP), sodium citrate and cetyltrimethyl
ammonium bromide (CTAB) as the surfactants, respectively.75
Fig. 3 (a) TEM image of Pt NPs synthesized on a MoS2 nanosheet (scale bar, 100 nm). (b) The magniﬁed TEM image of Pt NPs with a size of 1–3 nm
on MoS2 nanosheets (scale bar, 5 nm). (c) SAED pattern of a Pt–MoS2 hybrid nanosheet with the electron beam perpendicular to the basal plane of
the MoS2 nanosheet. Reproduced with permission.
75 Copyright 2013, Nature Publishing Group. Representative (d) TEM image, (e) HRTEM image and
(f ) EDX spectrum of as-prepared MoS2–PtAg hybrid nanomaterials. Reproduced with permission.
82 Copyright 2016, Royal Society of Chemistry.
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Unfortunately, these synthetic strategies require a reduction
agent to assist the growth of noble metal nanostructures. As
MT&Ds have rich redox chemistry, they themselves could
directly react with the metal precursors to allow a very straight-
forward and clean synthesis of metal-decorated nanomaterials.
The spontaneous reduction of Au NPs on MoS2 nanosheets
without any reducing agent was also demonstrated,77,81 and
the results highlighted that Au nanoparticles tend to grow at
the defect-rich edge sites with high surface energy. It was
reported that well-dispersed noble metal (Au, Ag, Pd, Pt) nano-
crystals on the whole surface of MoS2 nanosheets were homo-
geneously synthesized in the aqueous solution using sodium
carboxymethyl as a stabilizer. In addition, bimetallic nano-
hybrids that often display enhanced properties compared to
their monometallic counterparts have recently attracted more
and more researchers’ attention.46,82–84 In this regard, MoS2–
PtAg nanohybrids were fabricated by decorating ultrathin
MoS2 nanosheets with octahedral Pt74Ag26 alloy nano-
particles,82 as illustrated in Fig. 3(d–f ).
3.1.2. Metal oxides/chalcogenides. During the last few
years constructing heterojunctions of 2D MT&Ds with other
semiconductor materials such as metal oxides (e.g. MoO3,
Co3O4, SnO2, Fe3O4)
48,85–89 and metal chalcogenides (e.g.
MoS2, WS2, Bi2S3, Ag2S, CdS) has also been considered as an
interesting research direction owing to the ability of fabrica-
tion of p–n heterojunctions, changing semiconducting behav-
ior from the n-type to p-type, or altering band
structures.48,90–92
Recently, hybrids of 2D MT&Ds with TMDs have been
reported because of their unique properties and potential in
optoelectronics and clean energy applications.93–99 Stacking
other TMD layers on the surface of 2D MT&Ds via mechanical
transfer oﬀers a convenient way for designing 2D MT&D het-
erojunction systems. MoSe2/MoS2 heterostacked bilayers were
formed by transferring monolayer MoS2 and MoSe2 grown on a
SiO2/Si wafer by CVD, using an aqueous KOH and HF solution,
followed by removing the PMMA layer using acetone and
baking the sample at 80 °C for 30 min for each transferring.97
The stacked heteromultilayers consisting of 1 L MoSe2 and 1 L
MoS2 exhibited the simultaneous presence of positive trions
and negative trions and a greatly enhanced photo-
luminescence (PL) emission compared to 1 L MoSe2 and 1 L
MoS2. Besides the transfer method, one-step or two-step CVD
growth is the other eﬃcient approach to building 2D MT&D
heterostructures.99 A two-step CVD method for growing WSe2/
MoSe2 heterostructures with the synthesis of MoSe2 was
demonstrated for the first time, followed by epitaxial growth of
WSe2 on the edge and on the top surface of MoSe2. This two-
step growth has the capability of the spatial and size control of
each 2D component, leading to a much larger (up to 169 μm)
heterostructure size. Furthermore, this two-step growth pro-
duces well-defined 2H and 3R stacking in the WSe2/MoSe2
bilayer regions and much sharper in-plane interfaces.
Besides the aforementioned TMDs, other metal oxides and
chalcogenides can also be modified on the surface of 2D
MT&Ds using diﬀerent approaches. The n-type CdS nanocrys-
tals uniformly grown on both surfaces of the p-type MoS2
nanosheets were developed by a one-pot solvothermal reaction
in a dimethyl sulfoxide suspension containing well-dispersed
MoS2 nanosheets and Cd(Ac)2·H2O.
92 Interestingly, the band
gap of MoS2/CdS monohybrids decreased relative to bare CdS,
suggesting a strong electronic coupling between the two com-
ponents. Ag2S/MoS2 composites with diﬀerent molar ratios
were constructed by in situ growth of monoclinic crystallo-
graphic Ag2S nanoparticles on the MoS2 nanosheets.
90 The
improved electrical conductivity resulted from the stretched
MoS2 nanosheets and the enriched active sites due to the deco-
rated Ag2S particles. A novel nano-composite consisting of gra-
phene-like MoS2 nanosheets and ultra-small Fe3O4 nano-
particles with an average size of ∼3.5 nm is synthesized by a
two-step hydrothermal process,86 while Fe3O4 nanoparticles
can act as spacers to stabilize the composite structure.
It is noteworthy that there is one straightforward and
eﬀective way for the preparation of metal oxide-based MD
hybrid nanostructures. It is based on the partial oxidation of
MDs themselves due to their instability in air. A facile two-step
preparation strategy without any additional agent for MoS2–
MoO3 hybrid nanomaterials was developed by the heat-
assisted partial oxidation of electrochemically exfoliated MoS2
nanosheets in air, followed by the subsequent thermal-anneal-
ing-driven crystallization.100 The obtained MoS2–MoO3 material
is composed of (100)-dominated MoS2 and (021)-dominated
α-MoO3, exhibiting p-type conductivity. This method might be
extended to the preparation of MoSe2–MoO3 and MoTe2–MoO3
nanostructures. Another novel approach is one-step oxidation/
exfoliation to synthesize bi- or tri-layer MoS2 nanosheets with
MoO3 NPs.
101 It was reported that using H2O2 as the oxidizing
agent for partial oxidation of the in-plane MoS2 into MoO3
leads to the formation of MoO3 NPs decorated on the expanded
bulk MoS2. Then the atomically thin MoS2 nanosheets with
MoO3 NPs are exfoliated by ultrasound treatment.
101
3.1.3. Carbonaceous nanomaterials. Loading of 2D MT&Ds
on the surface of carbonaceous materials, such as graphene,
carbon nanotubes (CNTs) and porous carbon, has exhibited
various potential applications due to their high electronic con-
ductivity, good flexibility, high charge mobility, large surface
area, good flexibility and high chemical stability.102–107
Therefore, the hierarchical nanostructures of 2D MT&Ds on
carbonaceous materials could be a feasible and promising way
to improve their performance.
Among these carbon materials, chemically treated gra-
phene-based materials, like graphene oxide (GO) and reduced
graphene oxide (rGO), have been considered as very eﬀective
templates for the nucleation and subsequent growth of nano-
particles owing to the coupling interactions between the nano-
particle precursors and oxygen-containing functional groups
on the surface of GO or rGO.108,109 Various methods for the
preparation of the composites have been recently developed
and the most popular strategy commonly used nowadays is the
hydrothermal method.110 For example, a novel solvent-evapor-
ation-assisted intercalation method to fabricate MoS2/rGO
composites was introduced, in which the nanosize of the MoS2
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nanosheets can be eﬀectively controlled by leveraging the con-
finement eﬀect within the 2D graphene layers.111 Initially, inter-
calation of ammonium tetrathiomolybdate ((NH4)2MoS4) into
GO was assisted by solvent evaporation and then confined
growth of MoS2 by the solvothermal method and nanosized
MoS2/rGO composites were achieved. In this case, the graphene
sheets provided chemical functional groups for strong coupling
between the MoS2 precursor and graphene sheets, a confine-
ment environment for MoS2 nucleation and growth. The syn-
thesis of the MoO3–rGO composite using a hydrothermal
method was reported.112 Few-layer MoO3 that was synthesized
by oxidation of the few-layer MoS2 at 500 °C for 15 min was dis-
persed in the GO suspension with stirring and sonicating for
1 h, followed by transferring the homogeneous mixture to a
Teflon lined autoclave, and heated to 180 °C for 4 h, GO is
reduced and a MoO3–rGO nanocomposite is formed.
112 In
addition, MoSe2/graphene and MoTe2/graphene hybrids can
also be developed by a similar hydrothermal approach.110,113
Moreover, in addition to the chemically treated graphene-
based materials, CNTs, carbon fibres and amorphous carbon
have also been utilized to carry out the hybridization with 2D
MT&Ds.114–121 Directly growing ultrathin MoS2 nanosheets on
the surface of active carbon fibre (ACF) cloth to obtain the hier-
archical MoS2/ACF cloth composite was reported (Fig. 4(a and
b)).117 More importantly, the ACF cloth here acts as both the
template and the conductive framework, and the MoS2/ACF
cloth can be used directly as a free-standing and binder-free
electrode. On the other hand, a sheet-like MoSe2/C composite
was successfully synthesized using Na2MoO4 2H2O, Se powder
and glucose as the source materials by a simple hydrothermal
method followed by the subsequent annealing treatment.120 2D
α-MoO3-single-walled CNTs (SWCNTs) composite films have
also been recently fabricated by dispersing SWCNTs in isopro-
panol solution of 2D α-MoO3 synthesized using a scalable
liquid-phase exfoliation method followed by ultra-sonication.114
3.1.4. Metal–organic frameworks (MOFs). MOFs are very
versatile nano-materials in which the metal ions are linked by
coordinating organic species with a high surface area and
large pore volume. They have been the focus of many research-
ers during the last two decades due to their rich surface chem-
istry, structural versatility and tuneable pore size.122 It is
expected that embedding 2D MT&Ds and their hybrids into
the MOFs can further broaden their potential applications.
With regard to 2D MT&Ds, it has been recently reported
that a ZIF-8 MOF can be easily coated on MoS2 nanosheets by
a facile process.122 2D MoS2@ZIF-8 core–shell structures based
on functional MoS2 as a core and MOFs as a shell were fabri-
cated by mixing an aqueous solution of 2-methylimidazole
and Zn(OAc)2 with mild shaking and the reaction was per-
formed at room temperature for 2 h. More importantly, this
facile and general method is also feasible to coat ZIF-8 on
other 2D materials. However, the growth of MOFs on MoS2 has
not yet been explored adequately, which may be owing to the
inert nature of its basal-plane. Other researchers have gener-
ated single layers of metallic octahedral phase (1T) MoS2 that
contain excess negative charge on the sulphur atoms of the
basal-plane for the coordination modulation with the
ZIF-8 metal precursors by lithium-ion intercalation, followed
by the reaction of the 1T-MoS2 nanosheets with the precursors
of ZIF-8 to form nanocomposites with the Zn–S bond, as illus-
trated in Fig. 4(c).123 In this process, the change in the mor-
phology of ZIF-8 nanocrystals from rhombic dodecahedral to
spherical in nanocomposites that can be observed in Fig. 4(d
and e) indicated that there is an interaction between the indi-
vidual components.
In addition, MOFs have become both promising precursors
and templates for the synthesis of heteroatom doped porous
carbon materials due to flexible tunability in compositions,
structures and properties of MOFs. It was demonstrated that
MoS2 thin nanosheets were grown on the as-prepared N-doped
carbon by a hydrothermal method with an N-doped carbon
support prepared by pyrolysis of ZIF-8 using ZnCl2 as an acti-
vating agent.124 During this process, the obtained carbon con-
tained a high level of nitrogen and comprised plenty of meso-
pores owing to the activation by ZnCl2 in the pyrolysis process,
which can result in enhanced conductivity. Similarly, ultrathin
MoS2 nanosheets@MOF-derived N-doped carbon nanowall
array hybrids on flexible carbon cloth (CC@CN@MoS2) were
fabricated through a facile hydrothermal method. During this
process, the porous N-doped carbon nanowall arrays on
carbon cloth are derived from cobalt-based MOF precursors by
a solution route and a subsequent thermal treatment plus acid
etching process.125
Furthermore, the combination of MOFs and MoO3 has also
been recently developed for the applications of catalysts
including photocatalysts and electrocatalysts.126,127 A hetero-
geneous MoO3/ZIF-8 core–shell nanorod composite was pre-
pared via a facile method by mixing MoO3 nanowires and PVP
with Zn(NO3)2·6H2O and 2-methylimidazole in methanol for
24 h stirring. MoO3-TMU-5 composites were synthesized by
dispersing an appropriate amount of MoO3 into DMF, followed
by adding the mixture of Zn(OAc)2·2H2O, H2oba, and 4-bpdh
with sonication for 60 min126 However, the combination of 2D
MoO3 and MOFs has also not been fully explored.
Consequently, we can envisage more breakthrough develop-
ments towards MOFs-2D MT&Ds in coming years.
3.1.5. Organic materials. In general, it is diﬃcult to attach
functional organic groups on the surface of 2D MTs due to
absence of the dangling bonds on their basal plane.128
However, sulphur-containing groups can be bonded with unsa-
turated Mo edges or sulphur vacancies (or Se or Te in other
MDs).129 For example, a facile approach to covalently functio-
nalize MoS2 monolayers with 4-fluorobenzyl mercaptan and
other thiol-containing molecules via thiol conjugation at
sulfur vacancies on the basal plane was illustrated (Fig. 5(a)),
and by controlling the amount of sulfur vacancies via sulphur
annealing, the degree of MoS2 functionalization can be eﬀec-
tively tuned.130 Such methods are interesting but clearly
limited in their utility. Very recently, the reaction has been
reported that allows functionalization of layered MoS2 on its
basal plane without the need for defects. A functionalization
route that results in organic groups bonded to the MoS2
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surface via covalent C–S bonds was developed, which is based
on lithium intercalation, and chemical exfoliation of the nega-
tive charges residing on the MoS2 by electrophiles such as dia-
zonium salts131 and the schematic process is illustrated in
Fig. 5(b). Importantly, this approach is not limited to MoS2 but
is applicable to any MDs or indeed any layered compound,
which can be intercalated with lithium. In addition, rather
than coordinating as a thiol at S-vacancies or forming bonds
in the 2D MDs, simple physisorption on the nanosheet was
also investigated.132 A general route for the functionalization
of 2H-MoS2 nanosheets with cysteine by blending a dispersion
of liquid-exfoliated 2H-MoS2 with a solution of cysteine was
achieved. These observations open a promising way for other
organic thiols, and indeed other TMDs.
Fig. 4 SEM images of (a) the original ACF cloth and (b) the as-obtained hierarchical MoS2/ACF cloth. Reproduced with permission.
117 Copyright
2014, Royal Society of Chemistry. (c) Schematic of the in situ synthesis of MoS2–ZIF-8 nanocomposites. FESEM images of (d) ZIF-8 and (e) MoS2–
ZIF-8 nanocomposites. Reproduced with permission.123 Copyright 2016, Royal Society of Chemistry.
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Conducting polymers such as polypyrrole and polyaniline
have drawn much attention for the applications of super-
capacitors, electrochemical sensors, gas sensors and drug car-
riers due to their low cost, good conductivity and high storage
capacity.133,134 Hybridizing 2D MT&Ds with polymers can
combine the advantages of 2D MT&Ds with the inherent
characteristics of conducting polymers. The methods for the
preparation of 2D MT&Ds/polymers can be categorized into
physical blending, non-covalent in situ polymerization and
covalent functionalization.134 Physical blending of 2D MT&Ds
with polymers is the simplest method to prepare MoS2/
polymer nanocomposites, and consequently, 2D MT&Ds with
diﬀerent conducting polymers have been developed using this
method.135–137 However, for this method the eﬀect of mixing is
also dependent on the solubility of the polymer and for most
polymers poor solubility limits their application in fabricating
the nanocomposites.134 In situ polymerization is a facile
approach for the fabrication of MT&Ds/polymer nano-
composites. For example, MoS2/polypyrrole nanocomposites
were prepared by in situ oxidative polymerization of pyrrole
monomers on single-layered MoS2 in the presence of
ammonium persulphate ((NH4)2S2O8, APS) solution.
138 Black-
MoO3/polyimide was synthesized by onepot thermos-polymer-
ization of monomers, ammonium molybdate and thiourea at
mild temperature.133 In addition, formation of covalent lin-
kages between the polymer matrix and MoS2 was also reported.
Fig. 5 (a) Schematic of ligand conjugation on sulfur vacancies on the basal plane of 2H-MoS2 monolayers. Reproduced with permission.
130
Copyright 2015, The American Chemistry Society. (b) Schematic representation of the basal-plane functionalization of MoS2. Reproduced with per-
mission.131 Copyright 2015, The American Chemistry Society. (c) A scheme showing the fabrication process of MoS2-PEG. Reproduced with per-
mission.139 Copyright 2015, Royal Society of Chemistry.
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The functionalization of MoS2 nanosheets synthesized
through the chemical exfoliation with lipoic acid modified
PEG (LA-PEG) using the thiol reaction at the defect sites of 2D
MoS2 nanosheets was also investigated
139 and the scheme of
the fabrication process for MoS2-PEG is shown in Fig. 5(c).
3.2. Doping
Nano-doping is a very popular approach for modification of
properties of nanostructured semiconductors. It has been
widely used to potentially regulate their intrinsic properties,
such as changing the conductivity type of semiconductors
from n to p by using a lower valence cation as acceptor
dopants to produce holes and increase hole concentration,
achieving tuneable p–n junctions, modifying the band struc-
ture, tailoring the electronic characteristics and so on.140,141 In
relation to 2D MT&Ds, this approach can also retain their mor-
phology, topology and crystalline features without phase separ-
ation of 2D MT&Ds. The main doping methods can be classi-
fied as follows: (1) substitution of the transition metal or
oxide/dichalcogenides of 2D MT&Ds with appropriate
elements,49,142 (2) incorporation of surface adatoms or layers
of another material,143 (3) surface transfer doping144 and (4)
plasma-based doping.145
Until now, several types of metals including Er, Mn, Nb, Fe,
Pt, Re and Au have been demonstrated as dopant atoms to sub-
stitute the Mo atoms in 2D MT&Ds.140,141,143,146–148 Among
them, Pt–MoS2 nanosheets have been developed recently for
the first time through the one-pot chemical method, as sche-
matically presented in Fig. 6(a–d).149 The experimental and
theoretical results have clearly demonstrated that the catalytic
activity of the inert basal planes could be triggered via the
single-atom metal doping. As a typical example of non-metal
dopants with a small atomic size to replace oxide/dichalcogen-
ide atoms, it was also reported that in the non-metal element
of P-doped MoS2 nanosheets P dopants could improve the
intrinsic electronic conductivity and enlarge interlayer
spacing.150 Oxygen incorporation into MoS2 nanosheets using
a facile one-pot hydrothermal method reduces the bandgap
and at the same time enhances the intrinsic conductivity of
MoS2.
151 The surface charge transfer doping via thiol-based
binding chemistry for modulating the electrical properties of
vacancy-containing MoS2 was also reported.
152 The electrical
properties of MoS2 can be systematically engineered by exploit-
ing the tight binding between the thiol group and sulphur
vacancies and by choosing diﬀerent functional groups with the
significant enhancement (NH2-containing thiol molecules) or
reduction (fluorine-rich molecules).
3.3. Intercalation
Generally speaking, intercalation investigates the insertion/
extraction of the small guest species like ions into host
materials, while retaining their structural features.
Intercalation in 2D MT&Ds could alter the crystal phases and
band structures of these few-layered nanomaterials, leading to
further enhancement of their electronic, optical, and other
various physicochemical properties.153,154 The essential prere-
quisite for guest species to intercalate into 2D host materials is
the relative scale between the intercalant and the van der
Waals gap of the 2D host. Specifically, besides the typical ionic
intercalants such as H+, Li+, Na+, K+ and Mg2+,50 small mole-
cules like H2 and ammonia could also be employed for interca-
lation of 2D MT&Ds.155,156
The phase transition from 2H-MoS2 to 1T-MoS2 due to the
Na+ ion intercalation is confirmed at the atomic scale with the
intercalation partially staged process.157 The structure of 2D
MoS2 can be partially recovered to 1T-MoS2 if the intercalation
depth is less than 1.5 Na+ ions, as shown in Fig. 6(e and f).157
Otherwise, the composition of NaxS and metallic Mo was
obtained. The phase transition phenomenon was also reported
for MoSe2 using Li
+ ion intercalation.158 MoO3 is an indirect
Fig. 6 (a) TEM image of Pt–MoS2 with the inset showing a typical MoS2
layer distance of 0.62 nm. (b and c) High-angle annular dark ﬁeld-scan-
ning transmission electron microscopy (HAADF-STEM) images of Pt–
MoS2 showing that the single Pt atoms (marked by red circles in ﬁgure b)
uniformly disperse in the 2D MoS2 plane. (d) Magniﬁed domain with a
red dashed rectangle in (c) showing a honeycomb arrangement of MoS2,
and the single Pt atoms occupying the exact positions of the Mo atoms
(marked by red arrows). The bottom inset shows the simulated conﬁgur-
ation of Pt–MoS2. The green, yellow and blue balls represent Mo, S and
Pt, respectively. Reproduced with permission.149 Copyright 2015, Royal
Society of Chemistry. (e) HAADF and the (f ) ABF image of MoS2 upon Na
intercalation. Reproduced with permission.157 Copyright 2014, The
American Chemical Society.
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wide bandgap semiconductor. It is well known that MoO3 can
be reduced to sub-stoichiometric MoO(3−x) and increasing x
can lower the bandgap, due to the additional electrons from
the reduction of Mo6+ to Mo5+ or Mo4+ and give rise to gap
states in between the valence and conduction bands of MoO3
hence narrowing its band gap.55 In this recent example, the
bandgap tunability is achieved by hydrogen intercalation into
the crystal lattice. Upon exposure to H2 gas, the absorbed H
atoms form HyMoO3, which loses H2O to the ambient atmo-
sphere producing the desired sub-stoichiometry MoO(3−x) as
illustrated in Fig. 7.55 The progress of the liquid phase interca-
lation with time in Fig. 7(b) generated a change of appearance
from transparent to Prussian blue. Raman spectra reveal the
evolution of the MoO(3−x) from α-MoO3 (Fig. 7(c)) in which a
sharp peak of MoO3 at 820 cm
−1 gradually disappeared and a
broad peak at ∼780 cm−1 emerged instead, which is a strong
indication of the presence and strength of sub-stoichiometric
crystal formation. The MoO3 bandgap was reduced from 3.25
to 2.65 eV upon exposure to H2 gas for 40 minutes as pre-
sented in Fig. 7(d).55
Other alkali metals such as Li+, Na+, and K+ as well as
organic compounds have also been adopted as intercalants to
manipulate the stoichiometry and band structure of 2D MoO3.
Similar to MoO3, there are also reports on the chemical inter-
calation of MoS2 using ions such as Li
+ to reduce its
bandgap.159 In fact, ion intercalation has been demonstrated
to be one of the best methods to increase the free charge
carrier concentrations in 2D nanomaterials in order to achieve
plasmon resonances at the commercially useful wavelengths.
Two plasmon resonance peaks associated with the thickness
and the lateral dimension axes in the near-infrared and visible
light range could be tuned by the choice of the solvent in exfo-
liating 2D MoO3, which is related to the level of proton interca-
lation.160 Plasmon resonances in the visible and near UV wave-
length ranges are achieved by electrochemical intercalation/
deintercalation of Li+ ions into and out of 2D MoS2 nano-
flakes.145 The intercalation level was controlled by the electro-
chemical forces, allowing the emergence of the plasmon reso-
nance peaks due to the formation of semi metallic states.
3.4. In-plane heterostructures
2D MDs can form lateral heterostructures with some other
TMDs because they have the same honeycomb structure with a
closely matched lattice constant, in which a planar triangular
lattice of metal atoms is sandwiched between two planes of
dichalcogenides atoms. Several dichalcogenide-changing (e.g.,
Fig. 7 (a) 1.4 nm α-MoO3 used for intercalation for sub-stoichiometry. (b) Optical microscopy images showing evolution of a thin MoO3 ﬂake with
the duration of H+ intercalation. (c) Micro-Raman spectra corresponding to optical images in (b). (d) Photon energy vs. (αhν)2 curves derived from
the absorbance spectrum of a MoO3 ﬂake with progression of catalyzed H
+ intercalation. Reproduced with permission.55 Copyright 2013, Wiley.
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MoS2/MoSe2),
161,162 metal-changing (e.g., MoS2/WS2 or MoSe2/
WSe2)
51,52,163–165 and dual-changing (e.g., MoS2/WSe2)
166
lateral heterostructures grown by CVD have been recently
reported.
For instance, in-plane heterostructures of MoS2–WS2 and
MoSe2–WSe2 were synthesized by the one-step CVD growth
technique.167 Direct synthesis of the lateral heterostructures of
monolayer MoS2–WS2 and MoSe2–WSe2 was performed using
ambient-pressure CVD with aromatic molecules as seeding
promoters. Then, the growth of W-based atomic layers was
initiated from the edges of as-grown Mo-based monolayers
and they follow the domain shape for their subsequent lateral
growth. A one-step growth strategy for the creation of high-
quality vertically stacked as well as in-plane interconnected
WS2/MoS2 heterostructures via control of the growth tempera-
ture was developed, as schematically shown in Fig. 8(a–d).52
Vertically stacked bilayers are preferred at ∼850 °C, whereas in-
plane lateral heterojunctions dominate when the synthesis is
carried out at a lower temperature of ∼650 °C. Compared with
the one-step growth process, the two-step growth approaches
have the advantages that the structured growth process and
experimental setup can be remarkably simplified and the
shapes and structures of the resulting heterostructures can be
controlled. A unique in-plane heterostructure with a monolayer
MoS2 core wrapped by multilayer WS2 was also obtained by the
two-step epitaxial ambient-pressure CVD technique using
MoO3 and (NH4)10W12O41·xH2O as Mo and W precursors,
respectively.52
In addition, lateral heterostructures between MDs with
diﬀerent chalcogenides have also been implemented. The
MoS2–MoSe2 lateral heterostructures were grown by a two-step
CVD process using MoO3, S and Se powder as the solid source
precursors. In this process, the vapour-phase S first reacts with
MoO3 to form MoS2 domains, followed by the introduction of
Se for successive epitaxial growth of MoSe2.
161 Specifically,
electron beam lithography can also be used to pattern MoSe2
monolayer crystals with SiO2 and the exposed locations are
selectively and totally converted to MoS2 using pulsed laser
Fig. 8 (a) WS2/MoS2 in-plane heterojunctions. (b) Optical image of triangular or star crystals wrapped by the relatively bright edges showing the
lateral heterostructures. Scale bar: 30 μm. (c) SEM image of heterostructure crystals. Scale bar: 30 μm. (d) AFM image of a triangular domain showing
a core region with a thickness of 0.78 nm and a shell region with a thickness of 2 nm. Scale bar: 10 μm. Reproduced with permission.52 Copyright
2015, The American Chemical Society. (e) Schematic illustration of the experimental steps for the formation of MoSe2/MoS2 heterojunction arrays.
(f ) Low-magniﬁcation Z-contrast image of the nanosheet showing the MoSe2 and MoS2 regions with a ﬁnite boundary across the domains (scale
bars, 5 nm). Reproduced with permission162 Copyright 2015, Nature Publishing Group. (g) Schematic illustration of the sequential growth of the
monolayer WSe2-MoS2 in-plane heterostructure. (h) As shown in the optical image, the WSe2 and MoS2 can be distinguished by their optical con-
trast. (i) High-resolution STEM images taken from the WSe2-MoS2 in-plane heterostructure. Reproduced with permission
166 Copyright 2014, Nature
Publishing Group.
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vaporization of S to form MoSe2/MoS2 heterojunctions in the
predefined patterns, as displayed in Fig. 8(e and f).162 The
starting monolayer MoSe2 crystals with the lateral sizes
ranging from 10 to 100 mm were synthesized using PLD-
assisted and conventional vapour phase transport (VTG) tech-
niques. The crystals were then simply masked by conventional
patterning processes, followed by selective conversion of the
unmasked MoSe2 to MoS2 by pulsed laser S vaporization.
However, the processes discussed above only allow the
growth of heterostructures with either diﬀerent metals or
chalcogens, making it diﬃcult to grow p–n heterostructures
such as WSe2–MoS2. Recently, a promising alternative route
in the form of a monolayer in-plane p–n junction was intro-
duced via a two-step epitaxial growth of p-type WSe2 and
n-type MoS2.
166 The 2D lateral WSe2–MoS2 heterostructures
were synthesized on c-plane sapphire substrates by sequential
CVD of WSe2 and MoS2 without the precursors coexisting in
vapour phases, where WSe2 is grown on substrates at a higher
growth temperature of 925 °C through the van der Waals
epitaxy, followed by the edge epitaxy of MoS2 along the W
growth front at 755 °C (Fig. 8(h–i)).166 Moreover, a general
synthetic strategy for the highly robust growth of diverse
heterostructures (such as WS2–WSe2 and WS2–MoSe2), multi-
heterostructures (such as WS2–WSe2–MoS2 and WS2–MoSe2–
WSe2) and super-lattices (such as WS2–WSe2–WS2–WSe2–
WS2) from 2D atomic crystals was reported.
168 A reverse flow
during the temperature swing stage in the sequential CVD
growth process allowed cooling the existing 2D crystals to
prevent undesired thermal degradation and uncontrolled
homogeneous nucleation, thus, enabling highly robust block-
by-block epitaxial growth.
3.5. In-plane alloys
Apart from binary and the in-plane MDs heterostructures,
ternary 2D MD alloys have also attracted great attention from
researchers.169–171 Alloying has been demonstrated to be an
eﬀective way to manipulate the band gap continuously, modu-
late the carrier type and phase transition and enhance the
catalytic activity of 2D MDs.172–174 Previous calculations have
shown that monolayer alloys of the Mo(S,Se,Te)2 type are
thermodynamically stable at room temperature for all
compositions.169,175,176
In this regard, several approaches have been applied to the
design of MD-based alloys including mechanical exfoliation,
CVD, ALD and chemical vapour transport (CVT).177–180 It was
demonstrated that among them, CVD and ALD are appealing
routes to synthesize high quality MD-based alloy films with
tuneable compositions and thicknesses.178,180 A low-pressure
CVD (LP-CVD) method to grow a Mo1−xWxS2 (x = 0–1) mono-
layer with a wide range of Mo/W ratios was developed.180 The
optical band gaps of the monolayer Mo1−xWxS2 crystals
strongly depend on the Mo/W ratios and tuneable band gaps
could be achieved by controlling the W or Mo portion by
LP-CVD. A synthesis method of Mo1−xWxS2 alloys by sulfuriza-
tion of the super-cycle ALD Mo1−xWxOy alloy thin films has
also been reported.178 Using this approach, the composition
and layer number (from mono- to tri-layers) of Mo1−xWxS2
alloys can be systematically controlled by manipulating the
cycle ratio between the ALD-fabricated MoOx and WO3. The
bandgaps of Mo1−xWxS2 alloys were precisely controlled as
functions of the composition and layer numbers of each
respective alloy. However, the synthesis of scalable single-layer
2D TMD alloys with high spatial uniformity as well as an accu-
rately controlled composition has been rarely explored.
Recently, the synthesis of optically uniform and scalable
single-layer Mo1−xWxS2 alloys by a two-step CVD method fol-
lowed by a laser thinning process has been reported.181 The
amount of W content (x) in the Mo1−xWxS2 alloy is systemically
controlled by the co-sputtering technique. In addition, the
post-laser treatment enabled scaling few-layered Mo1−xWxS2
alloys down to a single-layer. Such a 2D nanostructure exhibi-
ted tuneable properties with the optical bandgap ranging from
1.871 to 1.971 eV with the W content of x varying from 0 to 1.
Furthermore, the number of excessive charge carriers was also
discovered to decrease with the increase of x, which ultimately
resulted in the change of the predominant component of PL
emission from trions for the single-layer MoS2 to the neutral
excitons in single-layer WS2.
In addition of the bandgap tunability, the transition from
semiconducting to metallic state in 2D MDs has also been
reported, which inspired the synthesis of novel 2D materials
with metal–semiconductor transition for applications in nano-
electronics and nano-photonics.182 A unique ternary 2D
material with tunable semiconductor-metal transition, prefer-
ably controlled by its chemical composition, is urgently
required to fill such a gap. In the recent studies, it was found
that CVD growth of 1T–1H two phase Mo1−xWxS2 monolayers
is possible by controlling thermal strains and alloy compo-
sitions.173 The in-plane compressive thermal strains arising
from the diﬀerence in the coeﬃcients of thermal expansion
between monolayers and bulk substrates played a vital role in
the transition from the 1H to 1T phase. A high fraction of up
to 60% 1T phase could be achieved in large-scale CVD grown
monolayer Mo0.4W0.6S2 by optimizing the substrate and chemi-
cal composition.
Nevertheless, the widespread applications of MD-based
alloys are still severely limited due to their extremely low pro-
duction and the high cost of CVD and ALD methods. Recently,
few studies have demonstrated the feasibility of the mass pro-
duction of MD-based alloys by solution-based routes.174,183 A
simple one-step and bottom-up wet-chemistry method to grow
nano-sized, ultrathin ternary MoxW1−xS2 nanosheets with
good stability and a high metallic phase concentration on a
gram-scale level was developed.183 Interestingly, the
Mo0.75W0.25S2 nanosheets, with the largest interlayer spacing
of ∼10.35 Å, exhibited the most eﬃcient hydrogen evolution
reaction (HER) performance in acidic media. Alloyed
Mo1−xWxS2 nanosheets assembled into a flower-like structure
with tunable 1T/2H phase ratios were synthesized via hydro-
thermal reactions, and contain 3–10 atomic layers with the
interlayer spacing ranging from 0.6 to 1.0 nm, as presented in
Fig. 9(a and b).174 Based on the structure of Mo0.92W0.08S2
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nanosheets, as shown in Fig. 9(c–f ), both 1T and 2H structural
domains can be observed. These alloyed nanosheets demon-
strated the composition- and phase-dependent electrochemical
and electronic properties. Thus, by tuning the Mo/W ratio, an
optimized combination of high-density active sites and low
charge transfer resistance for diﬀerent applications can be
achieved. However, the development of monolayer MD-based
alloys using solution-based strategies is not easy to implement
and has not yet been fully investigated.
4. Applications
4.1. Catalysts
4.1.1. Electrocatalysts. Electrocatalysis is one of the most
promising applications for 2D layered MT&Ds especially for
the HERs.184 The electrochemical HER is a highly eﬃcient way
for hydrogen generation in the presence of Pt, Pd, or Rh cata-
lysts.77 However, the scarcity and the cost of noble metals limit
their commercialization and hence shift the research interests
toward looking for alternative cheaper HER catalysts.
Specifically, layered semiconducting MDs, as a member of the
group of 2D nanomaterials, with their unique optical, mechan-
ical, electronic and catalytic features have been recently
explored as an alternative HER catalyst owing to their optimal
aﬃnity to H2.
185 However, the limited accessibility of catalyti-
cally active sites and lower conductivity severely hinder their
catalytic performance. Thus, two main strategies have been
proposed to improve the HER catalytic performance of 2D
MoX2:
(1) increasing the number of active sites of catalysts;
(2) improving the electrical conductivity of the catalysts.186
It was demonstrated that the active edge sites could be
greatly increased by forming defects on the basal planes of
these 2D MDs, as edges of layered materials with dangling
bonds are catalytically active while the basal planes are electro-
chemically inert in the HER. Fabrication of novel defect-rich
structures of MoS2 ultrathin nanosheets with additional
exposure of active edge sites, which significantly improves
their electro-catalytic performance for the HER, has also been
reported.187 In addition, the alternative primary strategy for
increasing the number of active sites is nanosizing layered 2D
MDs.188 However, poor intrinsic conductivity of MDs still
restricts the overall HER activity. Hence, balancing the benefits
between the rich active sites and good conductivity is one of
the most promising but very challenging tasks for developing
eﬃcient HER electro-catalysts. To this end, a lot of diﬀerent
strategies have been developed to engineer functional hybrid
nanomaterials.
The formation of alloys has also been proven eﬀective in
enhancing the catalytic activity of 2D MDs. The electrocatalytic
HER activity of MoS2(1−x)Se2x nanoflakes with fully tunable
chemical composition is highly active with small over-poten-
tials of 80–110 mV.189 In particular, the chemical composition
of MoSSe exhibits improved performance in comparison with
either MoS2 or MoSe2. Mo1−xWxS2 nanosheets with enlarged
Fig. 9 (a) SEM image of typical Mo1−xWxS2 nanosheets and (b) TEM image of a typical Mo1−xWxS2 nanosheet. (c) Cs-corrected STEM image of a thin
Mo1−xWxS2 layer, revealing both 2H and 1T phase domains, the red (d) and blue (e) squares represent the 2H and 1T structures. Structure models of
(g) 2H and (h) 1T structures. Reproduced with permission174 Copyright 2017, The Royal Society of Chemistry.
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interlayer spacing and high metallic phase concentration were
demonstrated.189Interestingly the Mo0.75W0.25S2 nanosheets,
with the largest interlayer spacing of ∼10.35 Å, exhibited the
most eﬃcient HER performance with the lowest over-potential
of 155 mV and the smallest Tafel slope of 67 mV per decade.
Alloyed Mo1−xWxS2 nanosheets have a mixed 1T/2H structure,
in which 1T concentration can be controlled by varying the
reaction temperature.190 Among these alloyed TMD
nanosheets, Mo0.92W0.08S2 nanosheets with a 1T concentration
of ∼60% exhibited the best performance towards the HER with
a Tafel slope of 43.8 mV per decade and an onset over-poten-
tial of 190 mV. It is also smaller than those of 80% 1T MoS2-
based catalysts (with a Tafel slope of 55.8 mV per decade and
an onset over-potential of 23 mV) and 80% 1T WS2-based cata-
lysts (with a Tafel slope of 45.4 mV per decade and an onset
over-potential of 180 mV).
2D MoX2 growth on highly conductive materials such as
graphene, carbon nanotubes and activated carbon can signifi-
cantly enhance the catalytic activity, which could oﬀer a wide
electrochemical path, a high surface-to-volume ratio and excel-
lent chemical stability.110 So far, several strategies have been
proposed to create MoX2–carbon composite materials.
110 As a
typical example, amorphous carbon supported MoS2 with
unique morphology of MoS2 nanosheets vertically on the
carbon nanosphere was prepared, and consequently, the opti-
mized catalyst employing an amorphous carbon substrate
exhibited enhanced catalytic activity for the electrocatalytic
HER with an onset potential as low as 80 mV and a Tafel slope
of 40 mV per decade (Fig. 10(a and b)), which are comparable
to those of platinum.107 In this structure, amorphous carbon
acts as the substrate which can not only disperse the MoS2
nanosheets to warrant the exposure of active edge sites but
also facilitate the electron transfer during the electro-catalysis
and ensure highly improved conductivity of the composite as
exhibited. In a report, it was shown that MoSe2 has higher
intrinsic electrical conductivity than MoS2 due to the more
metallic nature of Se. And the unsaturated Se-edges in MoSe2
are found to be electrocatalytically active and beneficial for the
HER as S-edges in MoS2.
186 As an alternative, MoSe2/rGO
hybrids developed by a facile hydrothermal approach showed
superior HER activity with a small onset potential of 50 mV,
about 20–30 mV lower than those of MoS2 and its graphene
hybrids reported previously, and a Tafel slope of 69 mV per
decade.110 Better performance is attributed to the fact that the
Gibbs free energy for atomic hydrogen adsorption on MoSe2
edges is closer to thermos-neutral than that of MoS2. These
results indicate that MoSe2 has valuable potential to be a
better HER catalyst than MoS2.
As was pointed out in the previous section, chemical
doping is a well-known eﬀective way to enhance the catalytic
performance via multiple mechanisms in electrochemical reac-
tions. In this regard, a series of metals such as Fe, Co, Ni, Cu,
Pt, V and so on are doped into MoX2 to replace the Mo atoms,
which improved the HER activity via enhancing the conduc-
tivity or simultaneously inducing the additional active
sites.149,191 Unfortunately, it was diﬃcult to insert the metal
dopants with a large atomic size into the MoX2 matrix. Metal
dopants in the basal plane of MoS2 may also lead to promotion
on the terrace sites or growth of the MoS3 phase, which is
unfavorable for maintaining the stable MoS2 structure. To
overcome this issue, nonmetal dopants with a small atomic
size (N, P, O, S, etc.) were used for replacement of X atoms
instead of replacing Mo atoms by metal
dopants.150,151,186,191,192 An economical, eco-friendly, and most
eﬃcient N-doped MoS2 nanosheet-based hydrogen evolution
reaction (HER) catalyst has been recently achieved with an
onset overpotential of 35 mV and a Tafel slope of 41 mV per
decade, as given in Fig. 10(c and d).191 Here, the dual-func-
tions of N dopants activate the catalytic activity of the S-edge
of MoS2 and enhance the conductivity of the MoS2 basal plane
to promote the rapid charge transfer. In addition, it was
demonstrated that the P dopants in P-doped MoS2 nanosheets
not only could be the new active sites in the basal plane of
MoS2 and help improve the intrinsic electronic conductivity
but also show enlarged interlayer spacing which can facilitate
hydrogen adsorption and release progress, leading to a signifi-
cantly improved activity for hydrogen evolution.159
All the above-mentioned strategies can greatly improve the
overall electrocatalytic performance. However, the catalytic
eﬃciency of nano-hybrids still cannot be compatible with the
eﬃciency of commercial Pt catalysts. Thus the combination of
Pt NPs and MoX2 is a very promising strategy for implemen-
tation of high catalytic eﬃciency for the HER. It is noteworthy
that a highly active and stable HER catalyst of ultrafine Pt NP
decorated basal planes of MoS2 nanosheet arrays was proposed
by a hydrothermal growth route for MoS2 and a subsequent
ALD process. The optimized Pt/MoS2 catalyst with 2.2 wt% Pt
loading presented exceptional HER performance in terms of a
low onset overpotential of 31 mV and a small Tafel slope of
52 mV per decade, which is comparable to that of the commer-
cial Pt/C catalyst.193 Here, the vertical MoS2 nanosheet arrays
with a large exposed surface area are ideal supports for Pt NPs.
Another typical example is the epitaxial growth of well-dis-
persed 1–3 nm Pt nanostructures on the surface of 2D MoS2
nanosheets.75 Compared to the commercial Pt catalysts with
the same Pt loading, this approach has demonstrated much
higher electrocatalytic activity towards the HER with a negli-
gible overpotential and a low Tafel slope of 30 mV per decade
(Fig. 10(e and f)).75 The distinguished performance of the Pt–
MoS2 composite is ascribed to the strong coupling eﬀects
between Pt NPs and MoS2 nanosheets and the exposed high-
index facets of Pt NPs.
On the other hand, α-MoO3 is a low-cost and environmen-
tally friendly compound, which is easy to obtain at mass pro-
duction, making it attractive for wide applications of the HER.
In this regard, a variety of diﬀerent strategies have been
recently developed to improve MoO3 electrocatalytic
activity.192,194 For example, a HER catalyst based on a P doped
MoO3−x nanocomposite with rich oxygen vacancies was suc-
cessfully fabricated by a two-step intercalation method.192 Its
superior catalytic activity and outstanding stability are due to
the synergistic eﬀect between the P element doping and the
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oxygen vacancies. Moreover, it was also confirmed that the
high concentration of oxygen vacancies enabled improvement
of electrical conductivity and provided more active sites for
the HER.
4.1.2. Photocatalysts. Until now it has been well documen-
ted and reported that CdS, TiO2, Cu2O and C3N4 are the most
promising nano-materials used for photocatalysis.195–198
However, the low photocatalytic eﬃciency owing to high-rate
recombination of photoexcited charges and poor stability
caused by photo-corrosion have limited their practical appli-
cations. To solve these problems, an attractive way is loading
co-catalysts on the surface of these materials to form nano-
structured heterostructures.48,87,91,92 MDs have been proved to
be an excellent semiconductor to combine with the above-
mentioned materials, which could not only promote the separ-
ation of photoexcited electrons and holes but also oﬀer more
active sites. A recent report clearly showed that a unique con-
figuration of MoS2 nanosheets vertically standing on the CdS
nanowires leads to high exposure of the active edge sites and
increases the charge separation and transfer rate.48 As
Fig. 10 (a) Polarization performance curves and (b) the Tafel plots on a rotating glassy carbon disk electrode; reproduced with permission107
Copyright 2014, Royal Society of Chemistry. (c) Polarization curves and (d) the corresponding Tafel plots of pure MoS2, N-doped MoS2 and platinum.
Reproduced with permission191 Copyright 2016, Wiley. (e) Polarisation curves and (f ) the corresponding Tafel plots of Pt–MoS2, Pt–C and MoS2,
respectively. Reproduced with permission.75 Copyright 2013, Nature Publishing Group.
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expected, the 1D/2D nearly vertical CdS/MoS2 heterostructures
exhibited excellent photocatalytic activity and good durability
even after being reused five times.
Another interesting example is the development of MoS2
nanosheet decorated p-type Cu2O nanoparticles as a co-catalyst
for the eﬃcient solar hydrogen production under visible
light.87 Results confirmed that 1.0 wt% MoS2 nanosheet deco-
rated Cu2O nanoparticles present the maximum reduction
photocurrent density of 0.17 mA cm−2, which is about 7-fold
higher than that of pristine Cu2O, as shown in Fig. 11(a–c).
The excellent performance of MoS2@Cu2O is caused by the
introduction of the active sites of MoS2 nanosheets as a co-
catalyst onto the surface of Cu2O nanoparticles, which pro-
moted the dissociation of water and photocurrent density and
the production of hydrogen by lowering the electrochemical
proton reduction overpotential and inhibited photo-induced
corrosion during the measurement.87
In fact, most of the 2D MT&Ds due to their suitable
bandgap possess an extraordinary photo-induced catalytic
ability; for example, the MoO3 bandgap can be reduced by
intercalation to cover a wide range of the visible and infrared
spectrum. For MDs, when their thicknesses are reduced down
to one layer, their bandgaps widen and can be transformed
from indirect to direct in this transition. Thus, to improve
MD photocatalytic performance, they are often combined
with carbon materials or loaded with noble metals or metal
oxides to further inhibit the rapid electron–hole recombina-
tion.127 Unfortunately, their photocatalytic activity is still far
from the level of acceptance by practical applications.
However, MOFs, as an emerging new class of porous
nanomaterials, have a matrix which can create more cata-
lytic sites and make better contact between reactants and
active sites.126 The MOF nano-porous structures can also
enable an extra pathway for migration of photo-induced
electrons, and consequently, facilitate the charge carrier
separation.123,126,199
Excellent photocatalytic activity in the model oil photo-oxi-
dative desulfurization (PODS) reaction of the MoO3-MOF
composite was investigated by introducing 5 wt% of MoO3
into a Zn(II)-based MOF, [Zn(oba)(4-bpdh)0.5]n·1.5DMF
(TMU-5).126 The synergic eﬀects of the active surface of
TMU-5 together with the active sites of MoO3 have led to the
further enhancement of the PODS activity of the MT-5 photo-
catalyst. Another alternative is a novel and highly eﬃcient
MoS2/UiO-66/CdS photocatalyst for H2 evolution under visible
light irradiation.199 It was demonstrated in Fig. 11(d–f ) that
under the same reaction conditions its photocatalytic activity
was nearly 60 times higher than the H2 evolution rate with
pure CdS. The enhanced photocatalytic activity of Pt/UiO-66/
CdS was ascribed to the larger surface area of UiO-66/CdS
composites provided by the introduction of UiO-66 that
eﬃciently hinders aggregation of CdS during the synthesis.
Moreover, the synergic action of MoS2 and UiO-66 stipulated
the eﬃcient separation of the photo-generated charge carriers
and simultaneously provided a larger number of active reac-
tive sites.
Fig. 11 (a) TEM image of the MoS2@Cu2O composite; (b) mechanism and (c) transient photocurrent-time proﬁles at a bias of −0.1 V versus SCE for
the MoS2@Cu2O composite and pristine Cu2O nanoparticles. Reproduced with permission
87 Copyright 2014, The American Chemical Society. (d)
TEM image of MoS2/UiO66–CdS; (e) schematic illustration of the charge transfer in the MoS2/UiO66–CdS composite and (f ) photocurrent spectra
of the pure CdS, UiO66–CdS and MoS2/UiO66–CdS under visible light irradiation (≥420 nm). Reproduced with permission199 Copyright 2014,
Elsevier Science.
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4.2. Sensors
4.2.1. Electrochemical sensors. During the last few years,
2D MT&Ds have also gained significant interest for the devel-
opment of a diﬀerent range of highly sensitive, selective,
reliable and low-cost sensors, which mainly include electro-
chemical, gas and optical sensors. Since the first discovery
that the electrochemically reduced single-layer MoS2
nanosheets can be utilized for glucose detection and selec-
tively measure dopamine in the presence of ascorbic acid (AA)
and uric acid (UA),200 2D MT&D-based nanostructures have
become a good electrode material for various electrochemical
sensors, especially for the application in bio-sensing.201 Due to
the existence of a suitable bandgap, the overall sensitivity of
devices based on 2D MDs is much larger than that of graphene
and graphene oxides which have either no or small
bandgap.202 Owing to the high isoelectric points (IEP), 2D
MoO3 can also be potentially used for immobilizing a wide
range of biomolecules with relatively lower IEPs, such as H2O2,
glucose, AA, nitrate, dopamine (DA) and so on 1. Recently, our
group successfully developed 2D α-MoO3 nano-films with a
thickness of ∼4.9 nm, which demonstrated great sensitivity
towards H2O2 detection.
1 For further improvement of the
electrochemical sensing performance of 2D MT&Ds, hybridiz-
ation of 2D MT&Ds with functional materials such as noble
metals, carbon materials and polymers has become one of the
most eﬀective strategies for enhancing the intrinsic properties
of the individual components and generation of novel func-
tionalities and properties.46,82,203
For example, 2D MT&Ds with the thickness of just a few nm
are also a novel template for the fabrication of functional
nano-composites owing to their high specific surface area.
Noble metal nanoparticles, as zero-dimensional functional
particles, exhibit the large percentage of active surface atoms
and extraordinary electronic structure and the size. Thus, the
distribution of noble metal nanoparticles plays a vital role in
electrochemical performance.76 Diﬀerent methods were devel-
oped for the growth of noble metal nanostructures on the
surface of 2D MT&Ds.204–207 As one example, 0D–2D hetero-
structures of AuNPs@MoS2-NSs prepared by a spontaneous
redox reaction from HAuCl4 and MoS2-NSs at room tempera-
ture208 were utilized to construct a novel electrochemical bio-
sensor for the simultaneous determination of AA, DA, UA, and
nitrite, attributed to the synergistic eﬀect of the large surface
of MoS2-NSs and superior electron transfer rate of AuNPs. A
recent report shows that Au–MoS2, Pt–MoS2 and Au@Pt–MoS2
modified electrodes exhibited better catechol detection per-
formances than the pure MoS2 nanosheet and metallic nano-
particle modified electrodes due to their synergistic eﬀect, as
demonstrated in Fig. 12.203 As expected, the Au@Pt–MoS2
nanocomposite modified electrode exhibited a linear range of
2–1000 mM and a detection limit of 0.44 mM for catechol,
which were better than those of all MoS2-based nanomaterials.
In addition to noble metal nanoparticles, carbon materials
and polymers are also gaining attention to be used as a con-
ductive platform for improving the electrochemical sensing
properties.209–211 Layered MoS2–graphene composites,
showing more favourable electron transfer kinetics than gra-
phene modified glassy carbon and bare glassy carbon electro-
des, exhibit excellent analytical performance for acetamino-
phen detection with a detection limit of just 0.02 μM (S/N = 3)
and a wide linear range of 0.1–100 μM.210 The superior electro-
chemical performance of MoS2–graphene composites is attrib-
uted to their robust composite nanostructure and to the syner-
gistic eﬀects between the layered MoS2 and graphene. AuNP-
polypyrrole co-decorated 2D MoS2 nanosheets were used for
rapid determination of glucose with a detection limit of 0.08
nM and a quantification limit of 0.26 nM.212 Surface modifi-
cation of 2D single-layered MoS2 nanosheets with thioglycollic
acid (TGA) also can be performed for obtaining a simple
sensing system for highly selective, fast, direct detection of
dopamine and was established with a wide detection range of
0.05 M to 20 M, a comparable detection limit of 27 nM and an
extremely short response time of 3 min.134
4.2.2. Gas sensors. 2D MT&Ds have also been extensively
studied for various gas sensing applications due to their high
surface-to-volume ratio.44,213 For example, it was reported that
the gas response of the 2D MoO3-based sensing electrode to
100 ppm ethanol increases from 7 to 33 at an operating temp-
erature of 300 °C compared to bulk MoO3.
214 However, 2D
MoO3 requires high operation temperature, which increases
the power consumption as well as posing a safety risk to the
flammable gas testing, such as H2 and CO. Moreover, the pre-
vious report dedicated to the development of 2D MDs showed
that their unique physicochemical properties can make them a
very promising electrode candidate for sensing at room temp-
erature.215 Specifically, a highly sensitive and selective gas
sensor based on the CVD-synthesized monolayer MoS2 was
developed for the detection of NH3 and NO2 at room tempera-
ture.216 However, its sensing performances are strongly influ-
enced by the significant adsorption of oxygen in air, which led
to the limited stability of the MoX2-based sensing devices.
217
To solve the problems mentioned above, the development
of heterojunctions has been proven to be eﬀective in achieving
enhanced sensing performance in gas sensors and it can be
expected that 2D MT&D phase heterostructures with abundant
metal/semiconductor junctions might be promising for the
fabrication of gas sensors. As a proof-of-concept, the response
of Mo0.87W0.13S2 nanosheets with a 1T concentration of ∼10%
towards 1–1000 ppm acetone at room temperature is 10 times
higher than that of the sensor based on the annealed
Mo0.87W0.13S2.
190 The observed superior sensing performance
of the 1T/2H Mo0.87W0.13S2 nanosheets can be attributed to
the presence of metal/semiconductor phase junctions. A novel
nano-hybrid of SnO2 nanocrystal (NC)-decorated MoS2
nanosheets (MoS2/SnO2) and its outstanding stable sensing
performance for the room temperature NO2 detection in a dry
air environment are reported.85 SnO2 NCs not only signifi-
cantly enhanced the stability of MoS2 nanosheets in dry air by
increasing their work function and creating a passivation layer
to prevent the interaction between the oxygen and the MoS2
but also served as strong p-type dopants for MoS2, leading to
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p-type channels in the MoS2 nanosheets. As a diﬀerent
example, it was demonstrated that the solution-processed
MoS2 nanosheet–Pd nanoparticle composite possesses high
sensitivity towards H2 at room temperature.
207 Fig. 13(a and b)
show that MoS2–Pd shows a strong response 50 000 ppm of H2,
in which MoS2 nanosheets do not show any significant
response to H2 exposure, and exhibited excellent sensing per-
formance at diﬀerent H2 concentrations ranging from 50 000
to 500 ppm. Furthermore, when comparing the sensing per-
formance of MoS2–Pd with that of the graphene–Pd composite
film fabricated in a similar fashion, MoS2–Pd outperforms the
graphene–Pd composite film. It has been reported recently
that by changing the carrier type in MoS2 using the Au dopant,
an Au-doped MoS2 sensor positively responding to hydro-
carbon molecules lacking oxygen groups (namely, hexane and
toluene) and negatively responding to the oxygen-functiona-
lized reducing gases (namely, ethanol, acetaldehyde, and
acetone) was developed, as shown in Fig. 13(c and d). The
change in the gas response in VOC chemisorption behavior is
due to the n-doping of MoS2 with Au nanoparticles, which
facilitates the electron charge transfer and also leads to
tunable sensing of MoS2, enabling it to distinguish between
hydrocarbon-based and oxygen-functionalized VOCs. This
study has thus made a significant step toward solving the
limitations imposed by present MoS2-based sensors, which
mostly exhibit a single response to various VOC analytes.205
Fig. 12 The diﬀerential pulse voltammograms of various concentrations of CC at (a) MoS2/GCE, (b) Au–MoS2/GCE, (c) Pt–MoS2/GCE and (d)
Au@Pt–MoS2/GCE in 0.1 M PB (pH 7.0). Inset ﬁgures: plot of oxidation peak currents derived from DPVs vs. CC concentrations. TEM images of the
(e) MoS2 nanosheet, (f ) Au–MoS2 nanocomposite, (g) Pt–MoS2 nanocomposite and (h) Au@Pt–MoS2 nanocomposite. Inset ﬁgures: histograms of
Au, Pt and Au@Pt nanoparticles’ diameters in the corresponding MoS2-based nanocomposite. Insert ﬁgures: histograms of Au, Pt and Au@Pt nano-
particles’ diameters in the corresponding MoS2-based nanocomposites. Reproduced with permission
203 Copyright 2016, Royal Society of Chemistry.
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Recently, flexible gas sensors have also been favorable for
practical smart electronics such as wearable devices.218 The novel
sensing structure based on a 2D MT&D heterostructure promises
to provide a simple route to an essential sensing platform for
wearable electronics.219–221 Instead of metal electrodes, patterned
graphene was used for charge collection in the MoS2-based
sensing devices in Fig. 13(e and f).219 Compared to the exfoliated
MoS2 flake-based gas sensor, the gas-response characteristics of
Fig. 13 (a) Electrical responses of pristine MoS2 nanosheets and MoS2–Pd composite to 50 000 ppm H2. (b) I–V characteristics of the MoS2–Pd
composite before and after H2 exposure. Reproduced with permission
207 Copyright 2015, Wiley. (c) Schematic illustration of the preparation of the
Au-doped MoS2 gas sensor, photograph of pristine MoS2 and Au-doped MoS2 solutions and SEM images of the Au-doped MoS2 ﬁlms; (d) real-time
resistance of the pristine MoS2 and Au-doped MoS2 sensors exposed to various VOCs. Reproduced with permission
205 Copyright 2017, The
American Chemical Society. (e) Optical image of a graphene/MoS2 heterostructured device on a bent polyimide substrate and (inset) SEM image of
the MoS2 device with interdigitated graphene electrodes; (f ) comparison of the gas response characteristics of the ﬂexible heterostructured device
before/after the bending cycle test; (inset) 3D schematic images showing the bending test condition. Reproduced with permission219 Copyright
2015, The American Chemical Society.
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the flexible graphene/MoS2 device were well maintained without
any serious performance degradation with a detection limit of
1.2 ppm for NO2 detection. A flexible gas sensor for the detection
of formaldehyde (HCHO) at room temperature based on rGO/
MoS2 hybrid films was fabricated on polyethylene naphthalate
substrates by a simple self-assembly method.220 The sensing test
results indicated that the rGO/MoS2 sensors showed higher sen-
sitivities than rGO sensors. Furthermore, two kinds of MoS2
nanosheets were prepared by either hydrothermal synthesis or
chemical exfoliation and were compared for their detection of
HCHO, which revealed that the hydrothermally produced MoS2
nanosheets with rich defects led to enhanced sensitivity of the
rGO/MoS2 sensors. For example, the sensing response of the
rGO/MoS2-HT (hydrothermal) sensor to 10.0 ppm HCHO was
4.8%, about 1.7 and 2.2 times higher than those of rGO/MoS2-CE
(chemically exfoliated) and rGO sensors.
4.2.3. Photodetectors. Photodetectors represent a light
sensor that can transduce the incident radiation into an elec-
trical signal. Photodetectors have been widely used in various
fields including military applications and commercial pro-
ducts for everyday life.222 So far, photodetectors based on gra-
phene have reported responsivity as high as 107 AW−1 through
the enhanced light absorption with covering semiconductor
quantum dots.223 However, the gapless graphene structure
determines the large dark current and the unsatisfactory
photo-responsivity, which is critical for the device to detect
weak signals.223,224 In contrast to graphene, 2D MT&Ds have
also been widely explored for photodetector applications
owing to their high transparency, flexibility and tunable
bandgap.225 However, the development of photodetectors
based on 2D MT&Ds is still greatly hindered by the relatively
lower light response and sluggish electron-transfer pathways.226
As an approach, coupling graphene with MDs can produce
a hybrid nanomaterial that can utilize the high photon absorp-
tion capability of MDs and high electron mobility of graphene
to realize a highly eﬃcient photodetector. For example, trans-
fer-free MoS2/graphene heterostructures developed as photo-
detectors in Fig. 14(a–c) exhibited extraordinary short photo-
Fig. 14 (a) Optical image of a typical MoS2/graphene heterostructure ﬁlm, (b) photograph of an array of printed MoS2/graphene heterostructure
photodetectors on fused silica. The inset (lower left) is a schematic diagram of the photodetector. (c) Dynamic photocurrent measured in response
to 540 nm light on and oﬀ. The inset is the enlarged version. Reproduced with permission227 Copyright 2017, The American Chemical Society. (d)
Schematic diagram of the MoTe2/graphene phototransistor. (e) Time-dependent photocurrent of the MoTe2/graphene heterostructure and pure
MoTe2 devices. (f ) Photocurrent and photoresponsivity versus incident light power at 1064 nm. Reproduced with permission
105 Copyright 2017,
Wiley. (g) Photo-image of the MoS2/WS2 vertical heterojunction device arrays on the PDMS substrate. Schematic of a MoS2/WS2 vertical heterojunc-
tion phototransistor. (i) Dependence of photocurrent and photoresponsivity on incident light power (at 405 nm); the green and black dots corres-
pond to original data. Reproduced with permission228 Copyright 2016, The American Chemical Society.
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response rise/decay times of 20/30 ms, which are more than 10
times faster than those (0.28–1.5 s) of previously reported
MoS2/transferred-graphene heterostructures.
227 Moreover, a
high photoresponsivity of up to 835 mA W−1 was obtained in
the visible spectrum for the fabricated transfer-free MoS2/gra-
phene heterostructures, which is much higher than that of
exfoliated layered MoS2 (0.42 mA W
−1), high-crystallinity gra-
phene (6.1 mA W−1) and transfer-free MoS2/graphene/SiC
heterostructures (∼40 mA W−1). The reason for the enhanced
performance is the clean interface at the transfer-free MoS2/
graphene heterostructures. Furthermore, the MoTe2/graphene
heterostructure based flexible photodetector was also demon-
strated for eﬃcient near-infrared (NIR) light detection.105 The
time-dependent photocurrent response of MoTe2/graphene
heterostructures under 1064 nm light illumination is 20 times
enhancement of photocurrent as compared to pure MoTe2
with good repeatability of photo-switching. Importantly, a high
responsivity of 970.82 A W−1 can be obtained while a low laser
power of 202.4 µW was used, which is the highest value
reported for the MoTe2-based photodetector at the same wave-
length as presented in Fig. 14(d–f ).
As a recent modern trend, great eﬀorts have been devoted
to the development of lateral or vertical heterostructures for
2D TMDC materials with adjustable compositions.226,228 Such
a combination of diﬀerent components with an appropriate
band diagram is a very eﬀective way to improve the photo-
detector performance due to the presence of multiple electron-
or hole-transfer pathways. Specifically, flexible photodetector
devices using MoS2/WS2 vertical heterojunction arrays in
Fig. 14(g–i) have exhibited a high photoresponsivity of
2.3 A W−1 at an excitation wavelength of 450 nm.228 The
mosaic MoS2/MoSe2 lateral heterojunction film photodetector
showed optimal performance giving rise to responsivity (up to
1.3 A W−1) and an external quantum eﬃciency (EQE)
of 263.1%, respectively, under a bias voltage of 5 V with
0.29 mW cm−2 (λ = 610 nm).226 It was possibly due to the
matched band alignment of MoS2 and MoSe2 and the strong
donor–acceptor delocalization eﬀect between them.226
4.3. Batteries
Lithium ion batteries (LIBs) are one of the most important
rechargeable energy storage technologies. They can be used for
a variety of mobile equipment, including cell phones, laptop
computers and power tools.229–231 They can also be considered
as the valuable candidate for potential green applications in
electric vehicles (EVs) and hybrid electric vehicles (HEVs).
However, the commercially used anode material in LIBs,
graphite, with a theoretical specific capacity of only 372 mA h
g−1 and a relatively poor rate capability cannot meet the
increasing demand for reliable EVs and HEVs.232 As an
alternative nanostructure, 2D MDs, which have an X–Mo–X
type compound comprising the metal layers sandwiched
between two X layers and stacked together by weak van der
Waals interactions, can be utilized in updated improved LIBs.
Their layered structure and the weak van der Waals interaction
between layers enable the easy intercalation of Li+ ions without
a significant increase in volume. For example, MoS2 exhibited
high Li storage capacities (∼670 mA h g−1 with 4 mol of Li+
insertion per formula).233 However, the intrinsic low electric
conductivity, large volume changes and severe restacking
during repeated charge–discharge cycling of the hierarchical
MoS2 anodes result in poor cycling stability and low rate capa-
bility, and seriously impede their practical applications.234,235
Constructing uniform hybrid structures of MoS2 with car-
bonaceous materials (graphene, graphene oxide, carbon nano-
tubes and amorphous carbon)104,108,116–120,232,236–239 or metal
oxide (TiO2, Fe3O4 and SnO2)
86,234 matrices has turned out to
be a very eﬀective way for improving the conductivity and struc-
tural integrity of active materials. Layered MoS2/graphene
(MoS2/G) composites with a Mo : C molar ratio of 1 : 2 show
the highest specific capacity of ∼1100 mA h g−1 at a current of
100 mA g−1, which is higher than that of both the individual
components, as well as excellent cycling stability and high-rate
capability.108 Their robust composite structure and the syner-
gistic eﬀects between layered MoS2 and graphene can explain
the superior electrochemical performances of MoS2/G compo-
sites as Li-ion battery anodes. A sheet-like MoSe2/C composite
was successfully synthesized by a facile solution-phase
process,119 which exhibited improved Li storage properties
compared to the pure MoSe2 electrode, including good cycling
stability and high rate capacity, owing to the layered structure,
the high surface area and the improved electrical conductivity.
In addition, hybrid nanostructures of metal oxides and MDs
used for LIBs have also been extensively studied. For instance,
a novel Fe3O4/MoS2 composite by decorating ultra-small Fe3O4
nanoparticles (∼3.5 nm) on the surface of graphene-like MoS2
nanosheets demonstrated superior cycling and rate perform-
ances with delivering 1033 and 224 mA h g−1 at the current
densities of 2000 and 10 000 mA g−1, respectively.86 Here,
Fe3O4 nanoparticles primarily acted as spacers to prevent the
restacking of 2D MoS2 nanosheets, making the active surfaces
of MoS2 nanosheets accessible for electrolyte penetration
during charge/discharge processes and thus improving the
cycling performance of composites.
It has been reported recently that in-plane 2D MD alloys
could be a new class of electrode materials for lithium-ion bat-
teries, as Li can be adsorbed on the surface of the 2D MD alloy
monolayer, maintaining the metallic nature of the system and
their layered nature shows higher adsorption energy for Li ions
and a negligible Li diﬀusion barrier.240 As an example,
Mo1−xWxS2 (0 ≤ x ≤ 1) alloy composites developed by an
eﬀective microwave-assisted solvothermal method exhibited
superior rate performance and improved specific capacity.241
Typically, the Mo0.6W0.4S2 alloy electrode delivered capacities of
847.3 and 428.4 mA h g−1 at the current densities of 0.1 and 1 A
g−1, respectively. In addition, Mo1−xWxS2 alloys improve the
cycling stability of the TMD anode materials compared to pure
MoS2 and WS2 for lithium storage, which can be explained by
the larger interlayer spacing of the Mo1−xWxS2 alloys. The intrin-
sic expanded interlayer spacing of the alloy composites provides
suﬃcient and stable crystal host lattice structures, which is ben-
eficial for the Li+ diﬀusion and volume accommodation.
Nanoscale Review
This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 15709–15738 | 15729
In traditional batteries, an extra volume or weight percen-
tage of up to about 30% is invalid due to the use of other
auxiliary components (e.g., binders, conductive carbon, foils)
for only the purpose of obtaining better electric conductivity
and better physical contacts, significantly reducing the volu-
metric capacity and gravimetric capacity of the overall
electrode.86,239 Therefore, recently there has been increasing
interest in the development of binder-free and conductive
additive-free film electrodes that can be directly used for LIBs.
A novel hierarchical MoS2/ACF cloth composite obtained by
directly growing ultrathin MoS2 nanosheets on the surface of
active carbon fiber (ACF) cloth that can serve as a free-standing
and binder-free anode showed high specific capacity and excel-
lent reversibility.117 A discharge capacity as high as 971 mA h
g−1 is obtained at a current density of 0.1 A g−1 with a fading
rate of 0.15% per cycle within 90 cycles. The composite still
displayed a capacity of 418 mA h g−1 even after 200 cycles at a
high current density of 0.5 A g−1. It is its robust structure and
the synergistic eﬀects of ultrathin MoS2 nanosheets and ACF
that lead to the superior electrochemical performance of
MoS2/ACF.
On the other hand, α-MoO3 has also demonstrated great
potential as an alternative anode for LIBs owing to its structure
and chemical stability. The theoretical lithium storage capacity
value of MoO3 is very high (1117 mA h g
−1) being three times
higher than that of graphite (372 mA h g−1).242 However, the
poor electronic conductivity of MoO3 and sluggish kinetics of
ions may detrimentally aﬀect its electrochemical performance,
especially in LIBs. It was reported that 2D MoO3 nanosheets
exhibited high reversible capacities of 1110 mA h g−1 (3.0 to
0.01 V) and 841 mA h g−1 (2.0 to 0.01 V), and good rate capa-
bility and cycling performance.243 Vertically oriented MoO3
nanosheets on a graphene surface achieved via a nucleation-
growth approach exhibited remarkable electrochemical per-
formance for lithium storage with a high gravimetric capacity
of ∼1500 mA h g−1 and fine volumetric capacity of ∼750 mA h
cm−3 and prominent cycling stability (up to 1000 cycles), as
shown in Fig. 15.244 Owing to the unique hierarchical struc-
Fig. 15 (a) Schematic of the synthetic process for vertically oriented MoO3 nanosheets on graphene. (b) Scheme for the lithiation and delithiation
process of vertically oriented MoO3 nanosheets on graphene. (c) Capacity retentions of vertically oriented MoO3 nanosheets on graphene for 1000
cycles at 1000 mA g−1. Reproduced with permission244 Copyright 2017, Royal Society of Chemistry.
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ture, these hybrids can not only eﬃciently prevent the aggrega-
tion of electrode materials, but also facilitate the rapid
diﬀusion of both lithium ions and electrons.
Nevertheless, concerning the limited global natural
resources, cost and safety of lithium for widespread usage in
rechargeable battery technologies, sodium-ion batteries have
attracted increasing alternative attention.245 Compared to
lithium, sodium is not only the fourth most abundant element
in the Earth’s crust but also has a very negative redox potential
(2.71 V vs. SHE) and a small electrochemical equivalent (0.86 g
A h−1), which make it the most advantageous element for
battery applications after lithium.120 Recently, sodium-ion bat-
teries using MT&D-based hybrid materials have been
reported.112,246 A new type of MoS2/graphene hybrid obtained
directly from commercial bulky MoS2 and graphite combining
a ball-milling technique with the following exfoliation process
was used as an anode material for sodium-ion batteries.109
The as-prepared MoS2/graphene hybrids exhibited remarkably
high rate capability (284 mA h g−1 at 20 A g−1 (∼30 °C) and
201 mA h g−1 at 50 A g−1 (∼75 °C)), and excellent cycling stabi-
lity (capacity retention of 95% after 250 cycles at 0.3 A g−1). It
is the heterostructures with a low degree of defects and the
residual oxygen-containing groups in graphene that result in
the impressive rate capacity of the as-prepared MoS2/graphene
hybrids. In addition, the 3D MoO3–rGO composite with MoO3
nanosheets chemically tagged with optimum amounts of rGO,
which is essentially owing to the Mo–O–C linkages between
MoO3 and rGO, exhibited remarkable electrochemical stability,
and cyclability and high rate capability over a wide range of
operating currents (0.05–1 C). This novel design of the 3D com-
posite comprising a 2D electroactive compound and its inte-
gration are expected to pave the way for the design of many
more 2D-electroactive material based 3D-composites for pro-
spective applications in sodium-ion batteries.
4.4. Supercapacitors
Supercapacitors combining the advantages of traditional
capacitors and rechargeable batteries have also attracted tre-
mendous attention owing to their excellent electrical pro-
perties of fast charging, high power density and long cycling
life.247,248 There are two types of electrochemical capacitors,
one is electrochemical double layer capacitors (EDLCs) which
use carbon as the active material, and another one is pseudo-
capacitors that consist of transition metal oxides, hydroxides
and conducting polymers.
2D MDs such as MoS2 have been investigated for employ-
ment in electrochemical storage. The use of the metallic 1T
phase of MoS2 obtained from the semiconducting 2H phase of
MoS2 during chemical exfoliation of the bulk material can
achieve higher electrochemical energy storage performance for
supercapacitors because the 1T MoS2 phase is hydrophilic and
107 times more conductive than the semiconducting 2H
phase.249–251 It was shown that chemically exfoliated
nanosheets of MoS2 containing a high concentration of the
metallic 1T phase could be electrochemically intercalated by
ions such as H+, Li+, Na+ and K+ with extraordinary eﬃciency
and ultimately achieve capacitance values ranging from ∼400
to ∼700 F cm−3 in a variety of aqueous electrolytes.249
However, due to the semi-insulating nature of MoS2, it is not
an immediately attractive electrode material for energy storage.
Fig. 16 (a) Structural characterization of mPANi/MoS2-1 with a spherical pore structure. (b) Capacitance retention with increasing current density
for the various mPANi/MoS2 samples, pure PANi, and thin MoS2 nanosheets, measured under similar conditions. (c) Cycling stability of the mPANi/
MoS2 samples evaluated at a high current density of 10 A g
−1. Reproduced with permission.253 Copyright 2017, The American Chemical Society.
Copyright 2018, The American Chemical Society. (d) Schematic illustration of the conﬁguration of the fabricated device of the rGO/MoO3 compo-
site. (e) CV curves of the device under diﬀerent bending status. Inset: Photograph of a bent device (L = 4.3 cm). (f ) Cycling performance measured
by charging and discharging the device at 2 A g−1 for 5000 cycles. Reproduced with permission255 Copyright 2015, Wiley.
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One possible approach to avoid this shortcoming is to extend
MoS2 into the heterostructure with another 2D nanomaterial.
As an example, the MoS2–rGO heterostructure-based binder-
free electrode has been fabricated252 with a high specific
capacitance (387.6 F g−1 at 1.2 A g−1) and impressive cycling
stability (virtually no loss up to 1000 cycles). The synergistic
interplay between layered MoS2 and rGO in the MoS2–rGO
hybrid leads to a superior supercapacitor performance.252
Conducting polymer based supercapacitors are receiving
specific attention, so it is expected that the rational combi-
nation of 2D MDs and conducting polymers may produce
desirable 2D composites for high performance supercapacitor
electrodes. 2D mesoporous nanocomposites of polyaniline/
MoS2 with an average spherical pore size of 12 nm and a large
specific surface area of 258 m2 g−1 (mPANi/MoS2-1) show a
maximum capacitance of 500 F g−1 at 0.5 A g−1, good rate per-
formance, and excellent stability with ∼94% of initial capaci-
tance after 5000 charge–discharge cycles, which is illustrated
in Fig. 16(a–c). This superior performance is better than that
of pure MoS2, polyaniline and MoS2− or graphene-based 2D
nanocomposites.253
More recently, α-MoO3 has also been investigated as a
supercapacitor electrode in a Li-ion based electrolyte and its
high charge storage was attributed to ion intercalated pseudo-
capacitance.114 It was due to the α-MoO3 layered structure suit-
able for ion intercalation and various oxidation states of Mo
(Mo6+, Mo5+, Mo4+, Mo3+), which can make MoO3 store energy
by undergoing redox activity.254 However, drawbacks such as
slow kinetics, high irreversibility and poor cycling stability still
prevent α-MoO3 practical application. In order to improve its
charge storage capacity, α-MoO3 has been nanostructured and
combined with carbon-based materials.255 A porous rGO/
MoO3 composite by using Mo-MOFs as the precursor shown in
Fig. 16(d–f ) has a high rate capability with the good electro-
chemical stability from the testing of diﬀerent bending sta-
tuses and excellent capacitance retention of about 80% after
5000 cycles at 2 A g−1.255 The enhanced electrochemical per-
formances were ascribed to the fact that the prepared rGO/
MoO3 composite with hierarchical porous nanostructures not
only shorten the diﬀusion length of electrolyte ions but also
provided more active surface area for the redox reaction.
Moreover, the rGO film that wrapped around MoO3 not only
enabled electrically conductive networks for electron transport
but also prevented the aggregation of MoO3 nanomaterials.
5. Conclusion and outlook
Research dedicated to the development of eﬃcient fabrication
methods of 2D MT&Ds and their heterostructures has grown
explosively and achieved impressive progress during the last
few years. With basic understanding of the transport physics
and developing delicate mobility and phase engineering strat-
egies, some remarkable performances of 2D MT&Ds have been
achieved in the wide range of applications including catalysts,
sensors, batteries, supercapacitors, etc. However, notwithstand-
ing the valuable results obtained so far, there are still signifi-
cant challenges that prevent wide commercialization of the
laboratory results. They remain to be overcome. For instance,
chemical strategies concerning interfacial and molecular
engineering are still highly unexplored. Although the addition
of the second phase to the 2D heterojunction seems to be a
feasible approach for achieving high carrier mobility, and con-
sequently, better electrochemical characteristics of heterojunc-
tions, the process of choosing the additive becomes a chal-
lenge due to the lack of fundamental understanding.
Moreover, the improvement of the fabrication methods should
minimize the density of interfacial impurities and thus the
extrinsic impurity scattering. In this regard molecular design
and engineering, more advanced functional molecules and
convenient defect healing techniques are to be further
exploited.
In this study, various methods aiming to address the above
challenges of the devices based on diﬀerent 2D MT&Ds and
their heterostructures have been reviewed and summarized,
including the combination of methods for the fabrication of
heterostructured functional 2D materials, doping, intercala-
tion and formation of in-plane heterostructures with other 2D
nanomaterials. The importance of molecular and phase engin-
eering is reflected by the requirements for degenerate doping
at the contact area. In fact, the long-term stability of doping
onto the ultrathin 2D channels is the key for realizing practical
high-performance devices.
Although some exciting results have been reported in this
appealing research area, challenges still remain in the rational
design of 2D MT&D based heterostructures. First of all, despite
many methods that have been developed for the 2D MT&D
preparation, most of them have their limits. For example, as
the commonly used methods, mechanical exfoliation has low
yield, the hydrothermal method for the growth of 2D MT&Ds
requires high temperature and pressure and the flake thick-
ness normally is not shown to be monolayers. CVD is expen-
sive and was reported to produce 2D MT&Ds in the mor-
phologies other than layered. Developing a novel synthetic
strategy with control on the thickness, size and morphology as
well as using simple experimental conditions is crucial for the
commercial applications. In this regard, ALD represents a valu-
able alternative for the fabrication of wafer-scale mono- or few-
layered conformal defect-free nano-structures and p–n semi-
conductor heterostructures with precise control of their
thickness.
2D α-MoO3, an oxide semiconductor among the group of
MT&Ds, has also been demonstrated as a potential alternative
to graphene for various practical applications owing to its
attractive structure and chemical stability. The combination of
MoO3 and MOFs has recently been demonstrated but the com-
bination of 2D MoO3 and MOFs has not yet been fully
explored. In addition, forming the lateral heterostructures of
2D MDs with some other 2D TMDs has also been suﬃciently
studied and showed good properties in electronic and opto-
electronic fields. However, forming 2D MTs with other layered
metal oxides or 2D TMDs has not yet been investigated.
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In the framework of holistic mobility and phase engineer-
ing strategies, we expect that the performance of 2D MT&D-
based devices will be further improved to the level of their
intrinsic behavior. In this instance, the molecular and interfa-
cing chemistry is a key direction to be exploited. The synergis-
tic improvement of fundamental physicochemical properties
of 2D MT&Ds and their heterostructures with chemically opti-
mized dielectric supports and functionalized electrodes is the
best solution to improve their performance. It has to be
admitted that using more than one method of interfacing
nano-engineering and more than one additive in 2D MT&Ds
allows achieving a better result at the expense of diﬀerent
eﬀect combination. However, it is necessary to realize that
success in this direction is unpredictable. It greatly depends
on the researcher’s capability and experience to select wisely
the combination of additives and nano-structural engineering
methods for optimal result attainment.
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